Objective: Breast cancer is one of the most common and serious types of cancer, with a particularly unfavorable prognosis. Although dysregulation of β-galactoside α 2,6-sialyltransferase 2 (ST6GAL2) has been observed in multiple cancers, the mechanism involved remains to be clarified. In this study, we focused on the potential function of ST6GAL2 in the regulation of breast cancer. Methods: Flow cytometry and CCK-8 were used to measure markers of the cell cycle proliferation, adhesion, and invasion. Real-time PCR and immunohistochemistry analysis were used to detect the expression levels of ST6GAL2 in breast cancer tissues. Western blot was used to analyze the expression level of genes correlated with focal adhesion and metastasis pathways in breast cancer cells. Results: ST6GAL2 expression levels were higher in breast cancer tissues as compared to healthy tissues. ST6GAL2 expression was associated with tumor stage, survival time, and estrogen receptor (ER)/progesterone receptor (PR)/human epidermal growth factor receptor 2 (HER2) status of breast cancer patients. Silence of ST6GAL2 inhibited cancer progression by arresting cell cycle progression at G0/G1 phase and inhibiting cell adhesion and invasion. ST6GAL2 was positively correlated with focal adhesion and metastasis pathways, and its downregulation inhibited the expression of ICAM-1, VCAM-1, CD24, MMP2, MMP9, and CXCR4. Conclusion: These findings indicated that ST6GAL2 might serve as a useful potential target for treatment of breast cancer.
Introduction
Worldwide, breast cancer is the most common malignancy in women and one of the leading causes of cancer deaths. 1 About 260,000 new cases of invasive breast cancer and 40,000 breast cancer deaths are currently projected for the United States in 2018. 2 Prognosticators for individuals diagnosed with breast cancer include tumor size, pathological grade, and the presence of lymph node or distant metastases. 3 These parameters alone or in combination enable the identification of individuals who at increased risk of dying of breast cancer and may benefit from aggressive treatment. 4 Despite tremendous progress in cancer therapy, breast cancer remains a major cause of mortality, a primary factor being metastasis to distant organs. 6 The identification of underlying molecular mechanisms allows for further precision in predicting patient survival. 5 Efforts to understand the genes and signaling pathways that promote tumor invasion and metastasis are important for breast cancer treatment. Sialic acids, which are commonly found in glycoconjugates, are terminal monosaccharide attached to glycan chains on the cell surface. Sialic acids decorating the cell surface are involved in many biological processes, such as cell adhesion, receptor activation, cancer progression, metastatic spread, and signal transduction. 7, 8 ST6GAL1 is a sialyltransferase that links the sialic acid residues to terminal galactose of glycan chains by α2, 6-linkage. 9 It is widespread tissuespecific distribution in mammals, and the aberrant expression of ST6GAL1 is often related to poor prognoses in colon and gastric cancer and acute myeloid leukemia. [10] [11] [12] [13] In contrast to ST6GAL1, ST6GAL2, a recently identified sialyltransferase, is confined to human intestine, colon, and brain. 14, 15 A tremendous number of studies have focused on the involvement of ST6GAL2 in tumorigenesis, such as follicular thyroid carcinoma 16 and melanoma. 17 However, the role of ST6GAL2 in breast cancer is still unclear. Further, the influence of ST6GAL2 on the proliferation and metastatic potential of cancer remains to be seen. In order to clarify the role of ST6GAL2 in tumorigenesis and malignant progression, we first investigated ST6GAL2 expression in breast cancer tissues. We report here that ST6GAL2 is frequently overexpressed in breast cancer. More importantly, those patients with elevated ST6GAL2 expression were also found to have a significantly worse prognosis. The tumorigenic role of ST6GAL2 in breast cancer cell lines contributed to breast cancer cell proliferation, adhesion, and invasion. These data suggest that ST6GAL2 is a potent oncogene and potential target for treatment of breast cancer.
Materials and Methods

Patients and Tissue Samples
A total of 633 breast cancer patients were recruited from The First Affiliated Hospital of Zhejiang University between January 2005 and March 2009. The samples used were not subjected to preoperative radiotherapy and/or chemotherapy. Among the 633 breast cancer patients, randomly selected 40 paired tumor and adjacent normal tissues at least 5 cm from the tumor regions. Tissue was collected for real-time PCR. Tumor tissues from the 633 breast cancer patients were collected for immunohistochemistry (IHC) as previously described. 18 The 
Reverse Transcription and Real-Time PCR
Total RNA was isolated from human breast cancer patients' tissue and transfected cells using Trizol reagent (Invitrogen, Shanghai, China). Reverse transcription reactions were performed as described. 19 Real-time PCR was performed using a standard SYBR Green PCR kit protocol on ABI7300 (Applied Biosystem, Shanghai, China) thermal cycler. The GAPDH RNA was used as internal controls for ST6GAL2. The 2 −ΔΔCt method for relative quantification of gene expression was used to determine mRNA expression levels. The PCR primers are listed in Table 1 .
Western Blot
Cultured or transfected cells were harvest and washed twice with PBS and lysed in ice-cold radio immunoprecipitation assay buffer (RIPA, Beyotime, Shanghai, China) with freshly added 0.01% protease inhibitor cocktail (Sigma, Shanghai, China) and incubated on ice for 30 min. Cell lysis was centrifuged at 400×g for 10 min at 4°C and the supernatant (20-30 μg of protein) was run on 10% SDS-PAGE gel and transferred by electrophoresis to a polyvinylidene fluoride membrane (Millipore, Shanghai, China). The blots were blocked with 5% skim milk, followed by incubation with antibodies specific against ST6GAL2, CXCR4, MMP2, MMP9, ICAM-1, VCAM-1, CD24 (Abcam, Cambridge, MA, USA) and GAPDH (CST, Beijing, China). Blots were then incubated with goat anti-mouse or anti-rabbit secondary antibody (Beyotime, Shanghai, China) and visualized using enhanced chemiluminescence (ECL, Thermo Scientific, Shanghai, China).
Cell Viability Analysis
Cells were transduced with lentivirus to knockdown ST6GAL2 or a negative control, seeded in a 96-well plate (1 × 10 3 cells/well) and cultured at 37°C and 5% CO 2 . After incubation for 0, 12, 24, 48, and 72 h, cell viability was assessed using a CCK-8 assay kit (Beyotime, Shanghai, China). All tests are performed in triplicate for each group and the experiment was repeated at least three times.
Cell Cycle Analysis
To determine cell cycle properties, cells were transduced with lentivirus to knockdown ST6GAL2 or a negative control for 36 h. Transduced cells were harvested by trypsinization and incubated with 100 μg/mL propidium iodide (PI) and 0.5 μg/mL RNase A for 30 min at room temperature before subjecting to fluorescence-activated cell sorting using a flow cytometer (BD biosciences, Bedford, MA). 
In vitro Adhesion Assay
In vitro Invasion Assay
Invasion assays were performed using Transwell chamber (Greiner Bio-One, Frickenhausen, Germany) coated with Matrigel (BD, San Diego, CA, USA) as described in the manufacturer's protocol. Cells transduced with lentivirus to knockdown ST6GAL2 or a negative control were serumstarved for 24 h and harvested by trypsinization. Equal numbers of cells (1×10
5
/well) in serum-free medium were seeded into the upper well of the transwell chamber. The lower chamber was filled with DMEM containing 10% FBS. After 48 h incubation, cells on the upper well were wiped off by the Q-tip. The cells attached to the lower surface were washed with PBS, fixed in 4% paraformaldehyde and stained by 0.5% crystal violet. The invaded cells from at least five random microscopic fields were photographed and counted under microscope with a magnification of ×200.
Bioinformatics Analysis
To validate the correlation of ST6GAL2 with signaling pathways in breast cancer, a gene set enrichment analysis (GSEA) was performed to analyze the breast cancer tumors in TCGA-KEGG database.
In vivo Tumorigenesis in Nude Mice
A total of 2 × 10 6 logarithmically growing MCF-7 cells transduced with lentivirus to knockdown ST6GAL2 or a negative control in 0.1 mL PBS were subcutaneously injected into the right armpit of 4-week-old female athymic nude mice (n = 6). The nude mice were killed and tumor tissues were excised and weighed 33 d post-injection. All animal experiments were approved by the institutional animal care and use committee at The First Affiliated Hospital of Zhejiang University. All mouse work was performed in 
Statistical Analysis
Three replicates and three independent experiments were done for cell-based assays. Data were presented as mean ± SD and analyzed with GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA). Statistical analyses were performed with Student's t test or ANOVA. A Chi-square test was used to analyze the relationship between ST6GAL2 expression level and clinicopathological characteristics. The survival curves were estimated by the Kaplan-Meier method and the resulting curves were compared using the Log-rank test. All tests were two-tailed, and the significance level was set at *P < 0.05, **P < 0.01, and ***P < 0.001.
Results
ST6GAL2 Expression Discriminates Between Normal and Breast Cancer Tissues
To study the biological role of ST6GAL2 in breast cancer, we first used real-time PCR to detect the expression levels of ST6GAL2 in breast cancer patient tissues. We collected tumor and adjacent normal tissues from 40 breast cancer patients at The First Affiliated Hospital of Zhejiang University. As shown in Figure 1A , ST6GAL2 mRNA level was higher in breast cancer tissues compared with adjacent normal tissues (P<0.05). The ST6GAL2 mRNA levels were also shown in 40 cases of breast cancer patients ( Figure 1B ). ST6GAL2 expression in breast cancer patients' tissues from TCGA independent database was consistent with that from The First Affiliated Hospital of Zhejiang University cohort ( Figure 1C , P<0.001).
Correlation Between ST6GAL2 Expression and Clinicopathological Characteristics of Breast Cancer
Using IHC detection, breast cancer patients were divided into two groups according to the expression of ST6GAL2.
Patients with at least 25% of the tumor cells with positive staining were defined as ST6GAL2 high expression group and those with less than 25% of the tumor cells with positive staining were classified as ST6GAL2 low expression group ( Figure 1D ). Examination of the correlation between ST6GAL2 expression and clinical pathological features showed that ST6GAL2 expression was correlated with tumor stage, and ER/PR/HER2 status ( Table 2) . However, we did not find any association between ST6GAL2 expression levels and other clinical pathological features including patients' age, histological type, tumor site, AJCC stage, and lymph node involvement ( Table 2 ). The survival time of breast cancer patients showed that lower-ST6GAL2-expressing patients lived notably longer than higher-ST6GAL2-expressing patients ( Figure 1E, P=0.0067) . Similar results were found in the TCGA database ( Figure 1F , P=0.017).
Silencing of ST6GAL2 Represses Breast Cancer Cell Viability
Having documented significant upregulation of ST6GAL2 in clinical breast cancer tissues, we also examined the expression levels of ST6GAL2 in several breast cancer cell lines, MDA-MB-435S, MDA-MB-231, MCF-7, ZR-75-30, and T47D by Western blot (Figure 2A ). ST6GAL2 was expressed at higher level in MCF-7 and T47D cells compared with the three other breast cancer cell lines. MCF-7 and T47D cells were transduced with lentivirus to knockdown ST6GAL2 or a negative control. The reduction of ST6GAL2 protein levels in MCF-7 cells was 36.7% ± 0.028% compared with the negative control group ( Figure 2B , P<0.01). And reduction of ST6GAL2 protein levels in T47D cells was 60.2% ± 0.048% compared with the negative control group ( Figure 2C , P<0.01).
Cell viability was analyzed using CCK-8 assay at 0, 12, 24, 48, and 72 h after transfection. As shown in Figure 2D and E, ST6GAL2 significantly inhibited cell viability in MCF-7 and T47D at 24, 48, and 72 h compared with negative control groups (P<0.01). Next, we determined the effect of ST6GAL2 knockdown on the tumor growth in vivo. MCF-7 cells transduced with a lentivirus to knockdown ST6GAL2 or a negative control were subcutaneously injected into athymic nude mice and tumor volumes were measured for 33 days. As shown in Figure 2F , ST6GAL2 downregulated tumors grew slower in mice compared with the negative control tumors in mice. After 33 days, the tumor volume in ST6GAL2 downregulated mice were significantly reduced compared with those in negative control mice ( Figure 2G ; P<0.01). These data suggest that inhibition of ST6GAL2 in breast cancer reduces tumor growth in nude mice.
Silencing of ST6GAL2 Suppresses Breast Cancer Cell Cycle Progression
To further validate the cell proliferation inhibition of ST6GAL2, cell cycle progression was analyzed in MCF-7 and T47D cells. Cell cycle analysis showed that silencing ST6GAL2 notably increased the G0/G1 phase fraction and reduced the S phase fraction ( Figure 3A and B, P<0.01). Following ST6GAL2 silencing, MCF-7 cells were distributed across the G0/G1 (58.21% ± 1.23%), S (23.8% ± 0.76%) and G2/M (11.59% ± 0.39%) phases. While the negative control was distributed more evenly between the G0/G1 (41.69% ± 1.09%) and S (37.66% ± 2.69%), with 15.97% ± 1.04% in the G2/M phase.
ST6GAL2 silencing in T47D cells showed similar results: G0/G1 (58.43% ± 1.43%), S (24.36% ± 3.03%), and G2/M (13.02% ± 2.96%). Negative control T47D cells did not favor G0/G1 (45.32% ± 0.89%) over S phase (35.14% ± 1.20%) and G2/M (11.78% ± 2.47%) phases as strongly. These results indicated that silencing ST6GAL2 in breast cancer cells may inhibit cell proliferation by arresting cell cycle progression at G0/G1 phase.
Silencing of ST6GAL2 Inhibits Breast Cancer Cell Adhesion and Invasion
Carcinoma cell adhesion to extracellular matrix and basement membranes is regarded as an initial step in the invasion step of metastasis. 20, 21 The effects of ST6GAL2 on breast cancer cell adhesion were identified. As shown in Figure 4A and B, ST6GAL2 silencing could notably suppress cell adhesion of MCF-7 by 78.2% ± 0.085% and that of T47D cells by 73.8% ± 0.071% compared with the negative control group (P<0.01). Moreover, as illustrated in Figure 4C and D, ST6GAL2 shRNA, but not negative control shRNA, effectively suppressed MCF-7 and T47D cells invasion. The number of MCF-7 and T47D cells that invaded through the filter decreased by 55.8% ± 0.054% and 55.9% ± 0.041%, respectively, when compared to cells transfected with negative control shRNA (P<0.01).
These results indicate that ST6GAL2 is a critical mediator involved in cell adhesion.
ST6GAL2-Stimulated Breast Cancer Cell Motility Is Mediated Through the Focal Adhesion and Metastasis Pathways
Having documented significant decrease in adhesion and invasion of breast cancer cells transduced with lentivirus to knockdown ST6GAL2, we further confirmed the correlation of ST6GAL2 with breast cancer cell motility. GSEA demonstrated that the focal adhesion and metastasis pathways were partially regulated by ST6GAL2 ( Figure 5A and D, P<0.01).
In order to probe the ST6GAL2-associated pathways in breast cancer cells, the expression of related genes involved in these pathways were determined by real-time PCR and Western blot analysis in MCF-7 and T47D cells. As shown in Figure 5B -F, knockdown of ST6GAL2 in MCF-7 and T47D cells downregulated the mRNA and protein expression of ICAM-1, VCAM-1, CD24, MMP2, MMP9, and CXCR4 (P<0.05, P<0.01). These results indicate that the motility promoting function of ST6GAL2 most likely acts through regulating the focal adhesion and metastasis-related proteins.
Discussion
Cell surface carbohydrate structures containing sialic acid play a crucial role in cellular interaction mechanisms such as cell-to-cell, cell-to-pathogen, and cell-to-protein recognition.
22 ST6GAL2 is a sialyltransferase of increasing concern in carcinogenesis. Recently, some signs of progress have been gained in revealing the mechanism of ST6GAL2 in cancer. 23, 24 Our study continued to investigate the role of ST6GAL2 in breast cancer and its possible mechanisms. Aberrant expression of sialylated glycans has been detected in cancers of pancreas, gastric, breast, bladder, brain, and colon. [25] [26] [27] However, data concerning the expression level of ST6GAL2 and its relevance to clinicopathologic behavior of breast cancer is unclear. In this study, we measured the expression profile of ST6GAL2 in breast cancer tissues from The First Affiliated Hospital of Zhejiang University and TCGA database using realtime PCR analysis. Breast cancer tissues showed higher expression levels of ST6GAL2 compared to the normal breast tissues. Paradoxically, ST6GAL2 expression was upregulated in follicular thyroid carcinoma tissues, 16 but down-regulated in liver cancer tissues compared with noncancer tissues. 28 We next focused on the potential relationship between ST6GAL2 and the clinicopathological characteristics and survival rates of breast cancer patients. ST6GAL2 expression is significantly correlated with tumor stage, ER/PR/ HER2 status, and the prognosis of patients with breast cancer. Previous studies have demonstrated that ST6GAL2 is upregulated in invasive ductal carcinoma compared to ductal carcinoma in situ, even in invasive HR (hormone receptors, including ER and PR)+/HER2-ductal carcinoma, but not in HR+/HER2+ ductal carcinoma, 18 suggesting the involvement of ST6GAL2 in the progression of the HER2+ subtype of breast cancer. Tumor subtype is an important prognostic factor for breast cancer survival, but its importance depends on the definition of subtype to some extent. T1 tumors have the same risk of mortality regardless of ER/PR/HER2 subtype, and ER and PR negativity play a stronger role in survival than HER2 positivity. 29 However, HER2-positive T1 tumors have a significant risk of relapse when compared with HER2-negative tumors, 30, 31 indicating that even small HER2-positive tumors, regardless of their ER and PR status, also need treatment. Here, the risk of mortality for the breast cancer patients with higher ST6GAL2 levels is higher than those with lower ST6GAL2 levels regardless of tumor stage and ER/PR/HER2 status. The precise molecular mechanisms behind the altered expression of ST6GAL2 in breast cancer are unclear. In order to further investigate the role of ST6GAL2 in breast cancer carcinogenesis, we evaluated the effect of ST6GAL2 expression on breast cancer cell viability and cell cycle progression. The results suggest that cells with a stable knockdown of ST6GAL2 proteins showed a significant inhibition of cell viability and arrest of cell cycle at G0/G1 phase, compared with the negative control group. In previous studies, it reported that ST6GAL2 promotes cell proliferation of follicular thyroid carcinoma, 16 induces apoptosis in mammalian cells, 32 and involves in multiple effects of Taxol on modulation of the cell growth, cell cycle, and apoptosis in cervical cancer. 33 The hallmark of malignancy is the ability of cancer cells to invade distant tissue. Local invasion begins when cancer cells adhere to the basement membrane and invade the interstitial matrix. Previous studies have reported that ST6GAL1 promotes cell migration and invasion by activating PI3K/Akt signaling, 34 and ST6GALNAC2 regulates invasion and metastasis of breast cancer cells. 16 Here, we found that knockdown of ST6GAL2 dramatically suppressed adhesion and invasion of MCF-7 and T47D cells. The ability of cancer cells to migrate is essential to their ability to metastasize. GSEA analysis showed a positive correlation between ST6GAL2 expression and the focal adhesion and metastasis pathways in breast cancer tissues. ST6GAL2 positively regulates the expression of genes related to these two pathways in breast cancer cells, including ICAM-1, VCAM-1, CD24, MMP2, MMP9, and CXCR4. Taken together, these data suggest that inhibition of ST6GAL2 can potentially suppress adhesion and invasion in breast cancer cell lines. Our results correlate with previous reports indicating that ST6GAL2 promotes cell migration and invasion of follicular thyroid carcinoma, 16 suggesting an important role of CD24 in the breast cancer metastasis, chemosensitivity, and stemness. Similarly, ST6GAL2 may regulate adhesion and invasion of breast cancer cells via CD24, MMP2, and MMP9 directly or indirectly. Aberrant sialylation is correlated with the invasive potential of various types of cancer. Previous studies suggest that sialylation may function as an internal factor, regulating the invasion and chemosensitivity of hepatocellular carcinoma, probably through ST6GAL1 or ST8SIA2 regulation of the activity of the PI3K/Akt pathway.
39 ST6GAL1 mediates inhibition of colorectal cancer metastasis through stabilizing ICAM-1 via sialylation. 40 Although there is still controversy regarding the contribution of ICAM-1 expression to tumor progression, a decrease of ICAM-1 may be one of the mechanisms by which tumor cells escape cell-mediated cytotoxicity and lysis by the host cellular immune system. 41 Activation of VCAM-1 increased breast cancer cell motility and promoted chemoresistance to doxorubicin and cisplatin, suggesting a possible mechanism of VCAM-1 activation facilitating breast cancer progression. 42 According to the important role of these proteins in the regulation of breast cancer metastasis, chemoresistance, and the immune system, we indicate that ST6GAL2 may regulate the cellular phenotypes of breast cancer through mediating these protein expressions. However, the ST6GAL2-mediated network might be much more complex than previously appreciated. Identification of all important targets and understanding the relevant molecular pathways in various physiological and pathologic conditions will be of critical importance to understanding the biological functions of ST6GAL2. Taken together, these studies may explain why ST6GAL2 overexpression is associated with a poor prognosis of breast cancer patients and make a strong case for the role of ST6GAL2 in cancer.
Although increased ST6GAL2 mRNA levels were increased in breast cancer patients, the transcriptional regulation of ST6GAL2 in breast cancer is still unknown. NF-κB and NRSF are likely to act as transcriptional repressors, whereas neuronal-related development factors Sox5, Purα, and Olf1, are likely to act as transcriptional activators of ST6GAL2, suggesting that ST6GAL2 transcription could be potentially activated for specific neuronal functions. 43 Additionally, HCP5 acts as a powerful regulator in follicular thyroid carcinoma and that it functions as a ceRNA by sponging miR-22-3p, miR-186-5p, and miR-216a-5p, which activate ST6GAL2. 16 Therefore, additional studies to investigate the molecular mechanisms of both the cause and effect of altered expression of ST6GAL2 in the development and/or progression of breast cancer are essential.
Conclusions
ST6GAL2 is overexpressed in breast cancer tissues and reduced expression of ST6GAL2 can influence multiple biological progresses of breast cancer cells such as the cell cycle, cell viability, adhesion, and invasion. It likely achieves this through regulating focal adhesion and metastasis pathways and their associated proteins. ST6GAL2 can serve as a biomarker for breast cancer and inhibition of ST6GAL2 has strong potential as a treatment strategy for breast cancer.
